Backward elastic light scattering of malaria infected red blood cells We investigated the backward light scattering pattern of healthy and malaria (Plasmodium falciparum) parasitized red blood cells. The spectrum could clearly distinguish between predominant ring stage infected blood cells and healthy blood cells. Further, we found that infected samples mixed with different stages of P. falciparum showed different signals, suggesting that even variance in parasite stages could also be detected by the spectrum. These results together with the backward scattering technique suggest the potential of non-invasive diagnosis of malaria through light scattering of blood cells near the surface of human body, such as using eyes or skin surface. Malaria is a serious and fatal disease that causes 350-500 million reported cases and nearly one million deaths annually. Malaria is currently diagnosed through microscopic examination of Giemsa-stained blood smears and parasite antigen or DNA-based tests. However, these methods require trained health workers, blood from patients, and a complex logistics system and laboratory infrastructure to process and test samples. An inherently non-invasive method would provide an innovative solution that can overcome the disadvantages of the current approaches. In this letter, we show that the signal from backward elastic light scattering can distinguish between healthy and malaria parasite Plasmodium falciparum invaded red blood cells.
When a particle scatters light upon illumination, the spatial distribution of the scattered light intensity is not random but forms a complex spatial pattern depending on the property of the particle. This process is a result of complicated interaction between the incident electromagnetic wave and the molecular or atomic structure of the scattering particle. When encountering a particle, the electromagnetic wave of an incident light beam periodically perturbs the electron orbits of the molecules or atoms in the particle. The induced oscillating dipole moments act as a source of electromagnetic radiation, giving off scattered light. Most of the light scattered by the particle is emitted at the same frequency of the incident light, which is known as elastic scattering. Elastic scattering can be used to distinguish particles of different structure or material characteristics, such as size, morphology, and chemical composition. The principle is applicable to biological systems to discriminate between different cell types or states. Studies have shown that elastic light scattering can be used for the detection of breast cancer 1 or monitor the biological process that accompanies biochemical and morphological changes. 2 Light scattering of red blood cells has been studied through both experiments [3] [4] [5] and numerical simulations. [6] [7] [8] Recently this technique has been extended to study malaria parasite invaded red blood cells, including UV-visible light spectroscopy of different stages of infected red blood cells with the zero forward direction of the incident light 9 and light scattering of an individual red blood cell. 10 Previous attempts on cell scattering have been focusing on diluted samples and forward scattering. Sample preparation and the requirement to place the light source and detector on opposite sides of the sample have fundamentally limited the techniques to a lab environment and invasive blood drawing. In this letter we focus on undiluted samples and backward scattering, where the light source and detector are on the same side. This setup allows potentially detecting scattering of malaria infected red blood cells from eyes or skin surfaces for in vivo diagnosis. The red blood cells invaded by the P. falciparum malaria parasite experience significant modification in the structural, mechanical, and biochemical properties, [10] [11] [12] [13] [14] including morphological deviation from the biconcave shape, reduction of membrane fluctuations and elasticity, and decrease of hemoglobin concentration. We envision that backward elastic light scattering is capable of detecting these changes and showing spectrum difference from that of healthy cells.
The optical setup is shown in Fig. 1 , which consists of a lamp, a spectrometer, a lens, optic fibers, and a variable aperture. The optic components are aligned vertically so that a flat container with liquid samples, such as a glass slide, can be placed horizontally. A broadband light source is delivered through a 400 lm optic fiber and focused on a small test spot by a plano-convex lens with a focal length of f ¼ 25.4 mm. The blood sample is placed at the waist of the light beam on top of a glass slide. The distance between the sample and the lens is about 70 mm. A collecting fiber which collects the scattered light is attached to a computer-controlled motorized rotation stage with a 5 arc min resolution. This stage allows precise control and change of the orientation of the collecting fiber relative to the incident beam so that the scattered light from the test spot can be measured at various angles, h. The collecting fiber passes the scatted light at each angle to a spectrometer that is connected to a computer via USB. A variable aperture is used to control the diameter and intensity of the light. The aperture is adjusted so that the light passing through the sample does not directly get into the collecting fiber and interference with the scattered light.
The scattering intensity was calculated by zero degree (h ¼ 0), which gives the spectrum of the light source. I background ðhÞ is measured at each angle with light passing through the glass slide without any sample on top of it. I sample ðhÞ is obtained with the sample on top of the glass slide. Subtracting I backgraound ðhÞ removes any effect of the glass slide. The calculated intensity for each angle is further normalized by the area under the corresponding intensity curve to remove the effect of the number of particles in the test spot. With this algorithm, we found that the beam diameter and location had no influence on the spectrum. A larger beam diameter gave a stronger signal, allowing a shorter integration time.
Preparation of the healthy and parasitized red blood cell samples were conducted at the Malaria Branch in Centers for Disease Control and Prevention (CDC). The infected blood was obtained from the field station in Kenya, and cultured at the CDC Lab for different malaria stages (rings, trophozoites, schizont). Briefly, the laboratory-adapted W2 or 3D7 strains of P. falciparum were used in this study. The bloodstage parasites were cultured in RPMI 1640 medium supplemented with 10% heat inactivated Oþhuman serum, 1 mg/ml of gentamicin, 36 mM hypoxanthine, 31 mM HEPES, and 25 mM sodium bicarbonate. The parasite cultures were adjusted to either 2% parasitemia with predominant ring stage parasite or varied % parasitemia with different stages of parasites in 50% hematocrit. The healthy red blood cells in 50% hematocrit were used as a negative control. The samples with the 50% hematocrit and the samples further diluted with phosphate buffered saline (PBS) were used for testing.
Each sample was measured three times, and the results were averaged. In fact, the three measurements gave almost identical results. We have performed both forward (h < 90 ) and backward scattering (h > 90 ) with and without sample dilution. Our studies showed that healthy blood samples demonstrated the same signature spectrum for a given detecting angle. We also found that while the spectrum curve depended on the detecting angle, it was not sensitive to small angle changes for undiluted samples. The backscattering results are presented below.
Malaria parasites grow following the ring, trophozoite, and schizont stages. The early predominant ring stage parasites are common in human peripheral blood. Figure 2 shows an example of our study. The data of the samples are given in Table I . The second column shows the percentage of red blood cells that are infected among all red blood cells in each sample. The next three columns show the distribution of parasite stages in the infected red blood cells. Most of the samples are predominant ring stage except No. 2. A clear difference is observed between the spectra of the healthy and infected samples, as shown in Fig. 2(a) . The curves of the infected samples are close to each other except the green one, which corresponds to sample No. 2. This sample has 50% late stage schizont and shows a larger spectrum difference from that of the healthy sample. Figure 2 in the window of 620-750 nm but is stronger beyond 750 nm. We measured different samples at several scattering angles up to h ¼ 163 and found that the crossover at about 750 nm appeared to be general. We have not tested larger scattering angles because of interference between the rotational arm and the lens in our current setup.
We tested infected samples mixed with different stages of P. falciparum to examine the influence of variance in parasite stages on the spectrum. The data about the samples and their mixed stages are listed in Table II . The results of backscattering measurement are shown in Fig. 3 . Comparing with Fig. 2(a) , we can observe more variance between the curves of the infected samples in Fig. 3(a) , and they are all clearly distinguishable from the spectrum of the healthy sample. The curve of the No. 2 sample, which contains more schizont stage, shows the largest difference from the healthy sample. This suggests that the spectrum difference increases as the stage of infection progresses. Figure 3(b) compares the spectra of the healthy and the average of infected samples. Overall, the trend is similar to Fig. 2 . The spectrum intensity of the infected samples is weaker than that of the healthy sample below 750 nm and stronger above 750 nm. Figure 3(b) shows a larger difference from the healthy sample than that in Fig. 2(b) because it has more predominant schizont stage; on the contrary, the average in Fig. 2(b) is predominant ring stage.
In conclusion, we report that healthy and malariainfected red blood cells show a clear spectrum difference in elastic light scattering. The results of backward scattering on undiluted samples suggest elastic light scattering as a potential tool for non-invasive diagnosis. For instance, it may be possible to aim a light beam at blood vessels in the iris or retina and capture the scattered signal. Malaria parasites consume hemoglobin and produce digestive waste, hemozoin crystal, in infected red blood cells. There is significant difference of material properties between hemozoin, the compositions of malaria parasites, and the normal contents of human cells. We think this process causes significant structural and compositional changes of the cells, leading to a signature change of the light scattering pattern. This work is a first step. Development of practical non-invasive diagnosis needs much more further studies, such as investigating the spectrum of other malaria parasite species though P. falciparum which is most dangerous or identifying the effect of thin blood vessels on scattering signals. Table II and (b) comparison of healthy and the average of the infected samples in (a).
